In this work, photoswitchable and interconvertible cationic/radical copolymerization was investigated by combining a Lewis acid-catalyzed cationic polymerization with a photoinduced electron/energy transfer (PET)-reversible addition-fragmentation transfer (RAFT) polymerization, in which the dormant terminal group of the RAFT polymerization was employed as the dual mediator for cationic and photoradical polymerizations. The photoredox catalyst, a zinc porphyrin complex (ZnTPP), was tested with a series of Lewis acids. When coupled with a boron-based Lewis acid, B(C 6 F 5 ) 3 , the concurrent and interconvertible cationic/radical copolymerization of vinyl ether and methyl acrylate successfully proceeded in a controlled manner under visible light irradiation, in which the ratio of the generation of cationic and radical species was controlled by irradiation with different wavelengths of visible light.
Introduction
In polymer chemistry, the copolymerization of two or more comonomers is traditionally a powerful tool for accessing new polymeric materials both in laboratory and industrial settings because the characteristic properties of copolymers are completely different from those of the corresponding homopolymers [1] . On the other hand, various controlled/ living polymerization systems have been developed for preparing numerous types of vinyl monomers by introducing a dormant species at the growing terminal. Especially in radical polymerizations, this has opened a new era of reversible deactivation polymerization in the last two decades [2] . Among these techniques, reversible additionfragmentation chain transfer (RAFT) radical polymerization is one of the most attractive systems applicable to a wide variety of radically polymerizable vinyl monomers; in this system, the dormant C-S bond of thiocarbonylthio compounds is reversibly activated by other growing radicals to realize the homogeneous chain-growth of all polymer chains [3] [4] [5] [6] . Although controlled/living polymerization is efficient for controlling the primary structures of the produced polymers, the comonomer sequence distribution remains uncontrollable, and it is usually determined by the ratio of the inherent relative reactivities of the comonomers and results in a statistical distribution.
Several years ago, we have found a new controlled/living polymerization system through dual active species, in which interconvertible cationic and radical polymerization steps proceed simultaneously from a RAFT agent as the initiator [7, 8] . The key to achieving interconvertible polymerization relies on the selection of an appropriate catalyst to activate the C-S bond of the dual dormant species, i.e., the dormant bond could be activated reversibly into either cationic and radical species by the Lewis acid catalyst and azo initiator, respectively. Typically, the copolymerization of isobutyl vinyl ether (IBVE) and methyl acrylate (MA) is performed by using trithiocarbonate as the source of the dormant species or RAFT agent in conjunction with a Lewis acidic metal, such as EtAlCl 2 or ZnCl 2 , and a low-temperature azo initiator, such as 2,2′-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70). Furthermore, by tuning the initial loading of the catalysts or the Lewis acidity, various comonomer sequence distributions, such as partitioned multiblock, tapered block, and alternating copolymers, could be prepared in a one-pot reaction [9] . More recently, dual copolymerizations relying on a stimulus, such as electricity or light, to switch the active species have been investigated [10] [11] [12] .
Visible light-induced chemical reactions have recently attracted increasing attention due to their variable and mild reaction conditions. In the field of polymer chemistry, various photoinduced polymerizations have been reported [13] [14] [15] [16] [17] [18] . PET-RAFT polymerizations have been achieved by using a photoredox catalyst under photoirradiation, and this irradiation efficiently activates the RAFT terminal via a PET mechanism and a degenerative RAFT propagation process follows [6, 15, [19] [20] [21] [22] . Among the various photoredox catalysts, metalloporphyrins, such as zinc tetraphenylporphyrin (ZnTPP), induced well-controlled PET-RAFT radical polymerizations of (meth)acrylates and (meth)acrylamides under a wide range of wavelengths and even work in the presence of oxygen [20] [21] [22] .
In this study, the photocontrolled interconvertible cationic/radical copolymerization of IBVE and MA was achieved by combining PET-RAFT radical polymerization using photoredox catalysts and Lewis acid-catalyzed living cationic polymerization (Scheme 1). Herein, we employed a zinc porphyrin complex (ZnTPP) as an efficient photoredox catalyst for the PET-RAFT polymerization under red-light irradiation in conjunction with various Lewis acids to mediate the cationic polymerization. As a result, a sterically hindered B(C 6 F 5 ) 3 , which is a well known Lewis acid for forming frustrated Lewis pairs even in the presence of Lewis bases [23, 24] , was successfully combined with a metalloporphyrin to induce a photocontrolled interconvertible cationic/radical copolymerization. 
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Et Scheme 1 Reaction mechanism of the interconvertible and switchable cationic/PET-RAFT copolymerization
Results and discussion
Interconvertible cationic and PET-RAFT radical polymerization
The ZnTPP-catalyzed PET-RAFT radical copolymerization was investigated in the presence of a series of Lewis acids ( Table 1 ). The copolymerization of IBVE and MA was first investigated in the absence of a Lewis acid and in the presence of ZnTPP using trithiocarbonate (1) as the RAFT agent in toluene at 20°C under red LED irradiation. Unfortunately, DMSO, which is required for oxygen tolerance, was not suitable for the cationic polymerization due to its high Lewis basicity. The radical polymerization was also performed in toluene to facilitate the subsequent interconvertible polymerization. In addition, a small amount of ethyl acetate was required as a cosolvent due to the low solubility of ZnTPP, and it also served as an efficient additive for cationic polymerizations in previous papers [7, 9] . Although the copolymerization in toluene was much slower than the homopolymerization of MA in DMSO, the ZnTPP-catalyzed PET-RAFT copolymerization proceeded smoothly with almost quantitative conversion of MA (>99%) along with a lower consumption of IBVE (36%) in 244 h, affording a copolymer with a relatively narrow molecular weight distribution (MWD) (M w /M n = 1.22) ( Table 1 , entry 1). The copolymerization was then investigated in the presence of EtAlCl 2 or ZnCl 2 as Lewis acids were in conjunction with ZnTPP ( Table 1 , entries 2-4). Although these Lewis acids efficiently mediated interconvertible cationic/radical copolymerizations in the presence of a radical azo initiator in previous works [7] [8] [9] , their combination with ZnTTP did not work well, and only IBVE reacted quantitatively and MA remained almost unreacted even after~100 h of irradiation. These results can most likely be attributed to the deactivation of ZnTPP as a photoredox catalyst due to coordination of the Lewis acid to the porphyrin ligand or ligand exchange with the central metal of ZnTPP, as suggested by the change in the color of the solution; for example, the color gradually changed from purple to blue in the reaction with EtAlCl 2 . Higher molecular weights and broad MWDs resulted from cyanoisopropyl-type trithiocarbonate, which rarely generates carbocationic species. Therefore, a sterically hindered boron-based Lewis acid, B(C 6 F 5 ) 3 [23, 24] , was employed as the Lewis acid in combination with ZnTPP ( Table 1 , entries 5-7). When used in conjunction with B(C 6 F 5 ) 3 , both monomers were consumed, and a copolymer with high contents of both IBVE and MA was obtained. In addition, the number-average molecular weight (M n ) of the copolymer was close to the theoretical value, assuming that all the polymer chains were generated from the RAFT agent, although the MWD was slightly broader (M w /M n~1 .5). As shown in Fig. 1 , the kinetics were then examined for the copolymerizations with B(C 6 F 5 ) 3 (a), with ZnTPP (b), or with both B(C 6 F 5 ) 3 and ZnTPP (c). An IBVE-type trithiocarbonate (2) was employed in system A, whereas cyanoisopropyl trithiocarbonate (1) was used for B and C because the cyanoisopropyl-type RAFT agent does not produce carbocationic species. Only when using a boron Lewis acid (a) was IBVE consumed almost quantitatively in 180 h without the consumption of MA, indicating that IBVE was undergoing cationic homopolymerization. In contrast, in the ZnTPP-catalyzed PET-RAFT radical copolymerization of IBVE and MA under red LED irradiation, MA was quantitatively consumed in~300 h (b). In the reaction system with B(C 6 F 5 ) 3 and ZnTPP as mediators, both MA and IBVE were completely consumed at almost the same rate after 500 h (c), which indicated that switching between the cationic polymerization of IBVE and the radical copolymerization of MA and IBVE could take place via the terminal of the RAFT agent. In a previous work on copolymerizations with a radical azo-initiator and a Lewis acid, the rate of IBVE consumption with the two catalysts was almost the same as that with only a Lewis acid, and that of MA was nearly the same as that in the radical copolymerization [7] . However, in the present work, when using B (C 6 F 5 ) 3 and ZnTPP, the reaction rates of the two monomers were both slower than those of the corresponding active species. This is probably because even the bulky B(C 6 F 5 ) 3 deactivated ZnTPP, or the PET-RAFT radical process generates a trithiocarbonate anion [ -S-C(=S)-Z] after the cleavage of C-S bond (see Scheme 1), which would The number-average molecular weight (M n ) and dispersity (M w /M n ) were determined by size-exclusion chromatography in THF against PMMA standards deactivate or inhibit the cationic polymerization. This point is not yet clear, because even a small amount of deactivation or anion generation would remarkably affect the reaction rate. Figure 2 shows the plots of M n as a function of total conversion and the MWDs of the copolymers obtained in the experiments shown in Fig. 1 . Not only the cationic and PET-RAFT radical copolymerizations but also the interconvertible copolymerization gave well-controlled copolymers, and the M n values of the polymers generated from these reactions increased in direct proportion to the total conversions and approached the calculated values. The molecular weights shifted to higher values as the polymerization proceeded, but the relatively narrow MWDs were retained. Thus, the copolymerization of IBVE and MA by the combination of ZnTPP and B(C 6 F 5 ) 3 proceeded in a controlled manner, suggesting interconvertible cationic and PET-RAFT copolymerization.
To confirm the success of the interconvertible cationic and PET-RAFT copolymerization, the obtained copolymers were further analyzed by NMR spectroscopy (Fig. 3) . The 1 H NMR spectrum of the copolymer obtained with both B (C 6 F 5 ) 3 and ZnTPP showed peaks derived from IBVE (I) units (a-e) and from MA (M) units (f-h), which was obviously a superposition of the spectra of the products obtained by the cationic homopolymerization of IBVE and the PET-RAFT radical copolymerization of MA and IBVE [7, 9] . Importantly, the spectrum showed both the triad homosequences of IBVE (I-I-I) and alternating sequences (M-I-M) in peak b between 3.0 and 3.6 ppm (Fig. 3a) .
As in previous works [7, 9] , the 13 C NMR spectra provided more useful information about the monomer sequences in the copolymers (Fig. 3b ). While the copolymer obtained by PET-RAFT radical polymerization showed a splitting pattern in the carbonyl region at~175 Fig. 1 reaction. Furthermore, as also discussed in a previous paper, [7] the occurrence of the small signal attributed to I-I-M (or M-I-I) sequences at 75 ppm is direct evidence of the interconversion between the cationic and radical species because the I-I diad sequence can only form from the cationic species and I-M can only form from the radical species. Using the ratio of peaks of the triad sequences, as determined by 13 C NMR, the contents of each sequence were plotted as a function of total conversion (Fig. 4a ). In addition, the ratio of the cationic and radical propagation steps and the average number of interconversions between the two active species (N conv. ) were calculated from these sequences during the copolymerization with B(C 6 F 5 ) 3 and ZnTPP: N conv. = DP n × I-I-M (M-I-I), where DP n = [M] 0 /[1] 0 × total monomer conversion (Fig. 4b) . The content of radical species was between 70 and 60% and that of cationic species was between 30 and 40% throughout the copolymerization. Thus, the N conv. was calculated to increase as the copolymerization proceeded and finally reached 4.7, which means that switching between cationic and radical copolymerization occurred approximately four times on an average for every 100 monomer insertions in each chain. As a consequence, the photoinduced interconvertible cationic/PET-RAFT copolymerization was further demonstrated by a combination of B(C 6 F 5 ) 3 and ZnTPP under red LED irradiation.
Controlling the generation of the active species by light irradiation
In a previous report [20] , ZnTPP was able to activate trithiocarbonate under a wide range of wavelengths (from 460 to 655 nm), inducing PET-RAFT polymerization, in which the photocatalytic activity of ZnTPP varied with the wavelength. Green or yellow light at~530 nm provided the fastest polymerization rates due to the strong absorption at this wavelength, whereas red and blue light provided similar polymerization rates. Herein, the effect of the wavelength of light used for irradiation was investigated during the interconvertible cationic/PET-RAFT copolymerization of IBVE and MA in the presence of B(C 6 F 5 ) 3 and ZnTPP.
IBVE and MA were copolymerized in the presence of B (C 6 F 5 ) 3 and ZnTPP in toluene at 20°C under a variety of LED lights, i.e., red (630 nm), green (525 nm), blue (470 nm), and white LED (full wavelength of visible light) ( Fig. 5) . In contrast to the PET-RAFT radical polymerization under various wavelengths, the wavelength affected not only the generation of both the radical and cationic species but also the controllability of the interconversion of the polymerization. As discussed above, both monomers were consumed at almost the same rate under red LED irradiation. The interconvertible copolymerization also proceeded under green LED irradiation to give a copolymer with a narrower MWD (M w /M n~1 .4). However, irradiation with green light led to lower IBVE consumption (~50%), but it was still higher than that without the Lewis acid (37%, see Fig. 1 ), indicating that green light resulted in the cationic polymerization contributing less to the overall polymerization. This is attributed to the fact that the generation of the trithiocarbonate anion [ -S-C(=S)-Z] during the PET-RAFT process might be highly dependent on the wavelength of light used, although irradiation with green light gave the highest activation rate in the radical homopolymerization [20] . On the other hand, the blue LED resulted in uncontrolled copolymerization, in which the obtained products had broad and bimodal molecular weight distributions and the M n was much lower than the theoretical value even though both of the monomers were consumed, indicating a predominantly uncontrolled cationic polymerization along with chain transfer reactions. This is probably because blue irradiation, with the highest energy, might cause photolysis of the RAFT end group, and/or there might be two different activations occurring depending on the penultimate unit, i.e., the IBVE-RAFT or MA-RAFT terminal. This phenomenon is now under investigation in our laboratory. Irradiation with a white LED, with a mixture of all wavelengths, resulted in copolymers with a M n slightly lower than the calculated value, and MA was consumed slightly faster than IBVE. Furthermore, the 1 H and 13 C NMR analyses of the obtained copolymers revealed that not only the incorporation of the two monomers but also the number of interconversion changed as a function of the wavelength: red (IBVE/MA = 46/54, N conv. = 4.7), white (42/58, 2.4), green (35/65, 1.2), and blue (30/70, 0.5). The photocontrolled interconvertible copolymerization was also examined by switching the light on and off using a red LED (Fig. 6 ). When light was tuned on, the interconvertible copolymerization proceeded with consumption of both IBVE and MA. On the other hand, only the cationic polymerization of IBVE proceeded, and no MA was consumed in the absence of light. Even in the on-off system, the B(C 6 F 5 ) 3 /ZnTPP system still gave well-controlled copolymers, and the MWDs shifted to higher molecular weights with relatively narrow distributions, even though the repeated on-off switching clearly affected the reaction and caused the MA consumption to level off under extended periods of irradiation, probably due to the deactivation of the ZnTPP. Thus, the generation of the two active species could be tuned during photoswitchable copolymerization by light switching.
Experimental section
Materials IBVE (TCI, 95%) and MA (TCI, >99%) were distilled from calcium hydride under reduced pressure before use. EtAlCl 2 (KANTO, 1.0 M solution in n-hexane) and ZnCl 2 (Aldrich, 1.0 M in Et 2 O) were used as received. 5,10,15,20-Tetraphenyl-21H,23H-porphine zinc (ZnTPP) (Aldrich) and tris (pentafluorophenyl)borane [B(C 6 F 5 ) 3 ] (Aldrich, 95%) were used as received and handled in a glove box (MBRAUN LABmaster sp) under a moisture-and oxygen-free argon atmosphere (O 2 , <1 ppm). S-2-Cyanopropyl S′-2-ethyl trithiocarbonate (1: CPETC) and S-1-isobutoxyethyl S′-2ethyl trithiocarbonate (2: BEETC) were synthesized according to literature procedures [7, 25, 26] . Toluene (Kanto, >99.5%; H 2 O < 10 ppm) was dried and deoxygenized by passage through columns from Glass Contour Solvent Systems before use. Ethyl acetate (KANTO; >99%) was distilled from calcium hydride before use.
Interconvertible cationic/PET-RAFT polymerization with B(C 6 F 5 ) 3 
and ZnTPP
A typical procedure for the dual cationic and PET-RAFT polymerization of IBVE/MA is given below. The reaction was initiated by the addition of a prechilled toluene solution (10 mM, 0.6 mL) of B(C 6 F 5 ) 3 (6.0 μmol) via a dry The total volume of the reaction mixture was 30 mL. At predetermined intervals, the solution was sampled to monitor the conversions. The polymerization was terminated by adding methanol containing triethylamine and turning off the light. The monomer conversions were determined from the concentration of the residual monomer using 1 H NMR with o-dichlorobenzene as the internal standard (IBVE; 84% and MA; 96% for 531 h).The quenched reaction mixture was washed with dilute hydrochloric acid and distilled water to remove the residual catalyst and then concentrated to dryness under reduced pressure to obtain the product polymer (M n = 6000, M w /M n = 1.58). After purification by preparative SEC, the ratio of IBVE/MA incorporated in the copolymer was determined by 1 H NMR spectroscopy (IBVE/MA = 46/54), and the number of interconversions per chain was calculated by 13 
Conclusion
In conclusion, the interconvertible cationic/PET-RAFT copolymerization was achieved using a combination of B (C 6 F 5 ) 3 as a Lewis acid and ZnTPP as a photoredox catalyst under irradiation with various wavelengths of light. In this system, the choice of light sources was important for controlling the interconversion between the cationic and radical active species. In addition, the photocontrolled copolymerization could be controlled by switching the LED source on and off. This system can also be used to prepare various copolymers with various comonomer sequence distributions.
